Abstract: This paper describes optical quadrature amplitude modulation techniques using parallel Mach-Zehnder modulators (MZMs). Arbitrary constellations of optical signals can be generated by using a dual-parallel MZM which can independently control real and imaginary components of lightwaves, where each MZM should be driven by multi-level electric signals. Many parallel MZMs, such as quad-parallel MZMs, octet-parallel MZMs can synthesize optical multi-level signals from binary data stream generated by electronics designed for binary modulation formats. We also investigate characterization methods of parallel MZMs. Precise measurement of half-wave voltage, extinction ratio and chirp parameter of each MZM element can be achieved by using optical spectrum analysis.
Introduction
In commercial optical fiber transmission systems, intensity modulation (IM) and on-off-keying (OOK) are commonly used [1] , however, recently, various types of modulation techniques, such as, phase-shift-keying (PSK), quadrature amplitude modulation (QAM), etc, were investigated to obtain enhanced spectral efficiency or receiver sensitivity [2] . Direct modulation of injected current to laser diodes provides a simple transmitter configuration, however, operation speed is limited by the frequency response of lasers, and output would have undesired optical frequency or phase shift (chirp, henceforth) [3] . Optical external modulators with electro-optic (EO) or electro-absorption (EA) effect can provide high-speed modulation, so that they are commonly used in high performance transmission systems. Although EA modulators can basically control only optical intensity, complicated modulation is possible by using integrated EA modulators [4] . On the other hand, in a material having the EO effect, the refractive index depends on the voltage applied on the material, so that an optical phase modulator can be constructed with an optical waveguide and an electrode on EO material. Integrated modulators for advanced modulation formats can be built with optical phase modulators. Mach-Zehnder interferometer based modulators (Mach-Zehnder modulator: MZM, henceforth) consisting of two high-speed optical phase modulators can control lightwave amplitude, precisely [5] .
A dual-parallel MZM (DPMZM), consisting of two sub MZM elements embedded in two arms of a main MZM (see Fig. 1 ), can modulate both real and imaginary components, independently. One of the simplest modulation schemes using vector modulation is quadrature phase-shift-kying (QPSK), which is identical to 4-QAM, where the real and imaginary components are modulated by binary data streams [6] . Multi-level electric signals should be applied to two MZM elements for more complex modulation formats, such as 16-QAM, 64-QAM, etc. To drive the MZMs, amplitude of the signals should be larger than a few volts. Modulation speed would be limited by the response of electric amplifiers or digital-to-analog converters [7] . Precise amplitude modulation both in the real and imaginary components is important for generation of complicated QAM signals. MZMs can provide almost pure amplitude modulation, however, there is some phase rotation due to imperfection of fabricated modulators. Many parallel MZMs can synthesize multi-level signals in photonic circuits from binary electric inputs [11] . For example, a quad-parallel MZM (QPMZM) can synthesize 4-level signals optically both in the real and imaginary components, so that a 16-QAM signal can be generated from four binary data streams [8] .
In this paper, we review QAM techniques using parallel MZMs where precise amplitude control or photonic multi-level signal synthesis is needed to generate complex modulation signals. We also investigate characterization methods of parallel MZMs using photonic spectrum analysis. This paper is organized as follows. In Section 2, we describes QAM using parallel MZMs, and discuss issues in multi-level signal generation. In Section 3, impact of imperfection of MZMs on optical QAM signal generation is investigated by using a simple model. Precise amplitude modulation would be important for multi-level signals. In Section 4, we propose a characterization methods which does not require complex bias control. Half-wave voltage, extinction ratio and chirp parameter can be derived from optical spectra.
QAM by a parallel MZM
As described in the previous section, direct modulation provides a simple modulation scheme. By changing injection electric current to the laser, we can control the amplitude, phase and frequency of the output lightwave, however, it is very difficult to control the real and imaginary components on the complex plane, independently. On the other hand, external modulation can provide precise and high-speed lightwave control in the two dimensional complex plane. DPMZMs, which can control the real and imaginary components independently, are commonly used for high-speed QPSK signal generation. To increase the symbol rate higher than 50 Gbaud, we need flat modulator frequency response up to millimeter wave region where mode coupling with substrate modes may occur. The response would have some dips or large loss due to the mode-coupling. When the substrate thickness is small, the cut-off frequency of the substrate mode goes up to high, so that the dips and loss can be suppressed in a millimeter region over 40 GHz. A DPMZM consists of two MZM elements embedded in a main MZM, as shown in Fig. 1 . Each MZM elements can modulate amplitude of lightwave at each arm of the main MZM. Optical phase difference between lightwaves at the two MZM Fig. 1 . QPSK using using DPMZM.
Fig. 2. 16-QAM using QPMZM.
elements can be controled by the electrodes of the main MZM. When the phase difference is 90-degree, in-phase and quadrature components can be independently controled by two electric signals fed to the two MZM elelemts. For QPSK modulation, two binary data streams are applied to the two MZM elements (MZ A and MZ B ), to achieve control of in-phase (I) and quadrature (Q) components. Over 100 Gb/s DQPSK transmission was demonstrated, where the modulation speed was 60 Gbaud by using a 0.1 mm thick substrate DPMZM [9] . For more complicated modulation formats, such as 16-QAM, multi-level modulation is needed both in the real and imaginary components. Multi-level electric signals can be generated by using a high-speed DAC. Recently, over 20 Gsa/s DACs and ADCs have been developed [10] , so that digital coherent scheme can be applied to high baud rate systems [7] . However, the modulation speed would be limited by the performance of electric amplifiers as well as the sampling rate of the DAC, because linear, large amplitude and high-speed amplification is required to drive high-speed external modulators.
One of the solution for this issue is photonic signal synthesis. A quadparallel MZM can synthesize 4-level signals optically both in the real and imaginary components, so that a 16-QAM signal can be generated from four electric binary data streams [8] . High-speed 64QAM was also demonstrated by using a hexa-parallel MZM [12] . Fig. 2 shows a schematic of 16-QAM using a QPMZM, where a pair of two-bit codes for in-phase (I 1 , I 2 ) and for quadrature (Q 1 , Q 2 ) components are fed to four MZM elements. While a DPMZM can generate a 2 bit/symbol QPSK signal from two binary data streams, a QPMZM can achieve 4 bit/symbol from four binary data streams. In gen- eral, a parallel MZM with N MZM elements can generate an N bit/symbol lightwave signal from N binary data streams. Bitrate of optical modulated output generated from N electric binary data streams can be expressed by B = N × R (R : symbol rate). For example, by using an octet-parallel MZM (OPMZM) we can generate 256-QAM from eight binary data streams (I 1 , I 2 , I 3 , I 4 , Q 1 , Q 2 , Q 3 and Q 4 ,) where N = 8, as shown in Fig. 3 .
Optical amplitude modulation by a balanced MZM
As shown in Fig. 4 , an MZM consists of two optical phase modulators (PMs) embedded in two arms of Mach-Zehnder interferometer. Two phase modulated optical signal are combined at the output port. If we can achieve balanced push-pull operation of the two PMs where the polarities of optical phase shifts are opposite each other, the optical output would be amplitude modulated without any parasitic phase modulation. However, due to fabrication errors which can be described by intrinsic chirp parameter (α 0 ) and extinction ratio (ER), the output would have some undesired parasitic optical phase shift or rotation. Imbalance of the two interfering amplitudes at the output coupler of the MZM dominates the residual output in the off-state, where a typical ER of a fabricated MZM is less than 35 dB. By using x-cut lithium niobate substrate with symmetric electrode configuration, we can fabricate a so-called zero chirp modulator, where the intrinsic chirp parameter |α 0 | is less than 0.2. α 0 shows imbalance of electric field intensity induced by modulating signal, and is proportional to residual phase modulation in small signal intensity modulation with quadrature bias condition [5] .
where e iω 0 t is input lightwave. Θ 1 and Θ 2 are optical phase shifts at the phase modulators. The optical amplitude imbalance between the arms is described by η, where on-off ER of the MZM is given by 20 log |η/2| [dB]. Θ denotes optical phase difference induced between the arms, by the two PMs. Electro-optic materials, such as lithium niobade, can provide almost pure phase modulation, so that the response of the MZM can be precisely described by this simple mathematical models. In the ideal case where α 0 → 0 and η → 0, the output is on the real axis, and the phase should be 0 or 180 degrees. The response of the MZM with a finite η and α 0 would be ellipsoidal on a complex plane. The ratio between the major and minor axes is equal to |η/2| which corresponds to ER and the axes are rotated by α 0 Θ, as shown in Figs. 5 and 6. For conventional modulation formats, such as OOK, MZMs with |η|, |α 0 | < 0.2 are precise enough for high speed and long-haul transmission. However, even though |η|, |α 0 | < 0.2, the response curves on complex planes largely depends on η (ER), α 0 and also on polarities of them, as shown in Fig. 7 . Thus, signal degradation due to imperfection of the modulator described by η and α 0 would be significant in complex QAM signals. Polarity of η (polarity of ER, henceforth) does not have large impact on modulated signals in conventional applications. Thus, the polarity was not commonly measured in commercial MZMs. When η = 0, the optical intensities in the two arms are balanced, where η can be controlled by using an active trimming technique [2] . The parameters α 0 , η and the polarity of α 0 η can be estimated from intensities of optical sidebands generated by sinusoidal modulation even if |η| < 0.001 and |α 0 | < 0.05 [13] .
By using Eqs. (1)- (3), constellation diagrams of 64 QAM and 256 QAM were calculated as shown in Fig. 8 (a), (b) and (c). For simplicity, we assumed symbols closed to the origin, the deformation from the ideal constellation was small if the polarity of ER was the same as that of α 0 . We also calculated error vector magnitudes (EVMs) with 256 QAM constellations. When the sub MZMs has finite α 0 , the EVMs would be minimum with a particular finite η as shown in Fig. 8 (d) . In these numerical examples, the EVM had the minimum at η ∼ 0.2α 0 . Thus, if the ER (η) can be controlled, the signal deformation due to finite α 0 can be minimized. The active trimming technique recently reported can trim η, where optical amplitude difference between arms in the interferometer can be controlled [2] .
Characterization of parallel MZMs
Measurement of modulator characteristics would be very important to achieve precise and high-speed optical modulation. The important figures, which specify the performance of the modulators, are frequency response bandwidth, halfwave voltage, intrinsic chirp parameter and extinction ratio (ER). However, the parallel MZMs have many electrodes to control, so that precise characterization of MZMs is not easy. In a parallel MZM consisting of N sub MZM elements, (2N − 1)-dimensional bias control is needed to fix optical phase differences of lightwaves in the elements. Thus, complex bias control is needed, to achieve precise characterization of parallel MZMs by using conventional techniques [5] . For example, when we measure the first MZM element of a QPMZM, optical phase differences in the second, third and fourth elements should be π to turn off other elements than the first, where sideband components including the zeroth-order would be used to obtain halfwave voltage, etc. However, characteristics of one of the MZM elements can be measured without turning off the other elements, by using optical spectrum analysis of high-order sideband components. An electric sinusoidal signal is fed to one of MZM elements, as shown in Fig. 9 . When electric crosstalk between the electrodes is larger than 30 dB, The first and higher order sideband components are generated only at the MZM element to which the electric signal is applied, while the zeroth-order (carrier) component is composed of lightwaves from all MZM components. The characterization of a particular MZM element can be achieved by using the first and higher order sideband components. When an electric sinusoidal signal is applied to the k-th sub MZM, the intensity of the n-th order sideband can be described by
where J n is the first kind n-th order Bessel's function. A k (1 + α 0,k ) and −A k (1 − α 0,k ) are optical induced phase shifts by the sinusoidal signal at upper and lower arms of the MZM. B k is optical phase difference induced by dc-bias voltage applied on the k-th MZM element. η k is imbalance in the interferometer. K k and α 0,k denote excess insertion loss and intrinsic chirp parameter. A k , α 0,k and η k can be derived from simultaneous transcendental equations. As described in [5] , halfwave voltages and ER can be calculated from A k and η k . Four MZM elements in a QPMZM have balanced Mach-Zehnder interferometers for push-pull operation [8, 11] . However, fabricated MZM ele- ments would have imbalance in the interferometers or electrode structures, so that ERs should be finite and chirp parameters could not be zero. We have measured halfwave voltages, intrinsic chirp parameters and ERs of four MZM elements in a fabricated QPMZM. The elements are monolithically integrated on a lithium niobate substrate. The 3-dB bandwidth of the EO response measured by a lightwave component analyzer (Agilent, 86030A) with a 1548 nm wavelength light source was 16 GHz, as shown in Fig. 10 (a) . The plot shows the average of the responses of the elements. The deviation of responses between the elements was less than 0.5 dB when the frequency was lower than 30 GHz. A 10-GHz sinusoidal signal was applied on one of the MZM elements. Intensities of the first, second and third optical sidebands were measured by an optical spectrum analyzer. A k , α 0,k and η k , of MZM elements (MZM1, MZM2, MZM3 and MZM4) at 10 GHz were derived from simultaneous transcendental equations described in the previous section. The number of unknown variables is equal to the number of equations to be solved in general. However, the equation would have several solutions, because these equations are nonlinear. Thus, we have used more than three equations to select consistent solutions. Halfwave voltages of MZM elements derived from A k in 1525-1575 nm wavelength region are shown in Fig. 10 (b) , where the difference in the halfwave voltages of the MZM elements was less than 6%. The chirp parameters (intrinsic chirp parameters defined in [5] ) and on-off extinction-ratios of MZM elements are shown in Fig. 11 . The chirp parameters were less than 0.1 for all of the elements. The ERs were larger than 20 dB in the wavelength region from 1525 nm to 1575 nm, except the ER of MZM2 at 1530 nm.
Conclusion
We reviewed optical QAM techniques using parallel MZMs, where the real and imaginary components should be modulated by multi-level signals. Arbitrary constellations of optical signals can be generated by using a dualparallel MZM, where each MZM element should be driven by multi-level electric signals. Impact of imperfection of MZMs on optical QAM signal generation is investigated by using a simple model. Modulated signal depends on extinction-ratio, intrinsic chirp parameter and polarities of them. Deformation of QAM signal due to imbalance of electric field in the modulator can be compensated by trimming the balance of optical amplitudes. Many parallel MZMs, such as quad-parallel MZMs, can synthesize optical multi-level signals from binary data streams. Thus, we can use electronics designed for high-speed binary modulation formats. However, the modulator structure would be complicated. In order to reduce complexity of modulator testing, we proposed a characterization methods which does not require complex bias control. Precise measurement of half-wave voltage, extinction ratio and chirp parameter of each MZM element can be achieved by using optical spectrum analysis.
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